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 28 
New & Noteworthy 29 
Kinetic and kinematic differences between foot strike patterns during running imply (not previously 30 
reported) altered muscle tendon interaction. Here, we studied muscle tendon interaction using 31 
ultrasonography. We found greater fascicle contraction velocities and lower muscle forces in rearfoot 32 
compared to mid-/forefoot strikers. Our results suggest that the higher metabolic energy demand 33 
due to greater fascicle contraction velocities might offset the lower metabolic energy demand due to 34 
lower muscle forces in rearfoot compared to mid-/forefoot strikers. 35 
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Abstract 38 
 39 
The interaction between Gastrocnemius medialis (GM) muscle and Achilles tendon, i.e. muscle-40 
tendon unit (MTU) interaction, plays an important role in minimizing the metabolic cost of running. 41 
Foot strike pattern (FSP) has been suggested to alter MTU interaction and subsequently the 42 
metabolic cost of running. However, metabolic data from experimental studies on FSP is inconsistent 43 
and a comparison of MTU interaction between FSP is still lacking. We therefore investigated the 44 
effect of habitual rearfoot and mid-/forefoot striking on MTU interaction, ankle joint work and 45 
plantar flexor muscle force production while running at 10 and 14 km/h. GM muscle fascicles of 9 46 
rearfoot and 10 mid-/forefoot strikers were tracked using dynamic ultrasonography during treadmill 47 
running. We collected kinetic and kinematic data, and used musculoskeletal models to determine 48 
joint angles and calculate MTU lengths. In addition, we used dynamic optimization to assess plantar 49 
flexor muscle forces. During ground contact, GM fascicle shortening (p = 0.02) and average 50 
contraction velocity (p = 0.01) were 40 to 45% greater in rearfoot strikers than mid-/forefoot strikers. 51 
Differences in contraction velocity were especially prominent during early ground contact. Moreover, 52 
GM (p = 0.02) muscle force was greater during early ground contact in mid-/forefoot strikers than 53 
rearfoot strikers. Interestingly, we did not find differences in stretch or recoil of the series elastic 54 
element between FSP. Our results suggest that, for the GM, the reduced muscle energy cost 55 
associated with lower fascicle contraction velocity in mid-/forefoot strikers may be counteracted by 56 
greater muscle forces during early ground contact. 57 
Introduction 58 
 59 
Over the last decade, foot strike pattern (FSP) has become one of the most discussed topics in 60 
running research (9, 10, 13, 19, 32, 33, 56, 58, 61, 66), primarily since it has been suggested to alter 61 
running injury risk and performance (13, 56, 61). Typically FSP are classified in three groups based on 62 
the location of the center of pressure at initial contact with the ground. Cavanagh and Lafortune (10) 63 
originally defined these three groups as rearfoot strike where initial contact with the ground occurs 64 
with the posterior 1/3 of the foot, midfoot strike where initial contact occurs with middle 1/3 of the 65 
foot and forefoot strike in which initial contact occurs with anterior 1/3 of the foot.  66 
Many studies have investigated the kinetic and kinematic differences between rearfoot and mid-67 
/forefoot striking (9, 10, 19, 32–34, 58, 66, 67). Primary differences are the absence of a ground 68 
reaction force impact peak (10) and shorter ground contact times (19, 58) during mid-/forefoot 69 
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striking. Furthermore, mid-/forefoot strikers demonstrate greater negative ankle power and work 70 
during the ground contact phase of running (34, 67). This greater negative ankle power and work is 71 
largely absorbed by the muscle-tendon unit (MTU) containing the Triceps Surae muscles and Achilles 72 
tendon. During running, this MTU plays a significant role, especially in minimizing the metabolic cost 73 
(26, 28, 39, 44, 63). The ankle plantar flexors, Gastrocnemius medialis (GM), Gastrocnemius lateralis 74 
(GL) and Soleus (SOL), produce force to support body weight and contribute to forward propulsion 75 
during running. All three muscles are connected to the foot through their respective aponeuroses 76 
and merge into a common tendon, the Achilles tendon. During running, the elastic tissues in this 77 
MTU act in a spring-like manner storing mechanical energy during the first part of the ground contact 78 
phase and returning mechanical energy during the second part (51, 52, 63). Moreover, the series 79 
elastic element (SEE, i.e. tendinous tissue) also interacts with the connected plantar flexor muscles to 80 
adapt to different gait speeds and minimizes the metabolic cost of muscle contraction (28, 49, 54, 81 
55). 82 
Since it has been observed that top finishers in middle and long distance races more often run with a 83 
mid- or forefoot strike (14, 37), several researchers have suggested that mid-/forefoot striking may 84 
be more economical compared to rearfoot striking and have speculated on a more effective energy 85 
storage and return in the SEE (20, 37, 38, 61). However, Gruber et al. (31) showed that the running 86 
economy, i.e. the amount of metabolic energy consumed to run at certain submaximal speed, of 87 
mid-/forefoot striking runners is not lower compared to their rearfoot striking competitors. 88 
Moreover, Ogueta-Alday and colleagues (59) reported the running economy of rearfoot strike 89 
runners to be better than forefoot strike runners when running at 11 and 13 km/h, whereas no 90 
significant difference was observed at 15 km/h. 91 
Although differences in kinetics and kinematics between FSP suggest altered MTU interaction, i.e. 92 
altered influence of tendon on the muscle and vice versa (34, 67), this has not yet been investigated. 93 
The larger ankle dorsiflexion rotation due to the greater internal plantar flexor moment during early 94 
stance – causing increased negative work - in mid-/forefoot strikers will likely result in immediate 95 
lengthening of the MTU. In contrast, during rearfoot striking the foot undergoes a fast plantar flexion 96 
directly after foot-ground contact and thus the MTU can be expected to lengthen less during early 97 
stance. It can be hypothesized that the greater lengthening of the MTU in mid-/forefoot strikers may 98 
induce more stretching of, and hence more elastic energy stored in, the SEE. Due to the initial 99 
internal dorsiflexion moment during rearfoot striking, stretching of the SEE may be supposed to 100 
either take place later in stance phase or by actively shortening the muscle. This mechanism seems 101 
likely as forefoot strikers demonstrate higher average Achilles tendon loading rates, strain, strain 102 
rates, stress and impulses compared to rearfoot strikers (6, 57, 62). Besides greater stretch of the 103 
Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (130.102.042.098) on January 20, 2019.
4 
 
SEE, the greater internal plantar flexor moment in mid-/forefoot strikers presumably also induces 104 
increased plantar flexor muscle forces to produce the greater moment. This surmised greater muscle 105 
force production is further supported by muscle activity studies demonstrating an earlier, higher and 106 
longer muscle activation of the plantar flexor muscle in mid-/forefoot strike running compared to 107 
rearfoot strike running (4, 20). 108 
Here, we investigated the effect of habitual rearfoot and mid-/forefoot striking on MTU interaction, 109 
ankle joint work and plantar flexor muscle force production while running at 10 and 14 km/h. First, 110 
based on the greater dorsiflexion angle at initial ground contact in rearfoot strikers, we hypothesized 111 
1) that greater length changes and contraction velocities of the GM muscle fascicles would occur in 112 
rearfoot strikers compared to mid-/forefoot strikers. Second, we hypothesized that during mid-113 
/forefoot striking greater internal plantar flexor moments would occur accompanied by 2) higher 114 
forces produced by the muscles and 3) greater stretch and recoil of the SEE. 115 
In addition to FSP, we also investigated the effect of running speed on MTU interaction. Based on the 116 
“cost of generating force” hypothesis from Kram and Taylor who argued that muscle force rather 117 
than muscle work determines the metabolic cost of running (45, 46), no difference in muscle fascicle 118 
length changes across running speeds would be expected. Nevertheless, there is ample evidence that 119 
GM muscle fascicles shorten throughout the ground contact phase of running (12, 24, 40, 41, 51, 52, 120 
54). Therefore, we hypothesized that 4) GM muscle fascicle length changes during ground contact 121 
would not be altered by running speed. However, the shorter ground contact times associated with 122 
faster running would coincide with a higher average contraction velocity of the muscle fascicles and 123 
higher maximal force produced by the muscles during ground contact. Lastly, as higher running 124 
speed also induces greater ground reaction forces and thus greater internal plantar flexion moments, 125 
we hypothesized that 5) SEE stretch and recoil would increase when running faster. 126 
 Methods 127 
 128 
Participants. Nineteen runners participated in the study, ten habitual forefoot or midfoot strikers (6 129 
males, 4 females; body mass: 65.2 ± 7.7 kg; body height: 1.78 ± 0.07 m) and nine habitual rearfoot 130 
strikers (6 males, 3 females; body mass: 72.7 ± 12.5 kg; body height: 1.81 ± 0.08 m). All the 131 
participants were trained runners who ran 30 km or more a week. Furthermore, participants did not 132 
have or any Achilles tendon or calf injury in the last 6 months prior to the study and were injury free 133 
at the time of testing. None of the participants have had Achilles tendon surgery. All participants 134 
gave written informed consent, approved by the local ethical committee (Medical Ethical Committee 135 
of UZ Leuven). 136 
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Experimental protocol. Prior to the experimental testing, participants had a 10-minute warm-up on a 137 
motorized force measuring treadmill (Motekforce Link, Amsterdam, The Netherlands), involving 2-4 138 
minutes walking and 6-8 minutes running at a self-selected speed. Next, participants performed one 139 
five-minute running trial during which they ran 2.5 minutes at 10 and 14 km/h in randomized order. 140 
All participants wore standardized running shoes (Li Ning Marathon, Luhta sportswear company, 141 
Lahti, Finland). We collected kinetic, kinematic, muscle activation and ultrasound data during the last 142 
minute of running at each speed, as to have data for at least four strides. 143 
Kinetics and kinematics. We attached forty-seven spherical reflective markers, including four cluster 144 
markers, to the participant’s body to track the positions of anatomical body landmarks. Thirteen 145 
infrared motion capturing cameras (Vicon, Oxford Metrics, UK) captured trajectories of these 146 
markers at a sampling rate of 150 Hz. The static trial (Nexus 2.4, Vicon Metrics, UK) was used to scale 147 
a musculoskeletal model in OpenSim 3.3 (18, 35). After scaling, we used inverse kinematic 148 
calculations, based on a Kalman Smoothing algorithm, to acquire joint angles (15). These joint angles 149 
were then used as input for a muscle analysis procedure, also conducted in OpenSim, to calculate the 150 
muscle tendon unit lengths taking into account both the joint angles and the muscle moment arms as 151 
a function of the joint angles. Ground reaction force during running was measured using the force 152 
plate embedded in the treadmill with a sampling frequency of 900 Hz. Force plate data was first low-153 
pass filtered in MatLab (Mathworks, Natick, US) using a recursive fourth order Butterworth filter with 154 
a cut-off frequency of 20 Hz and then used to determine the ground contact phase during running 155 
using a threshold of 30 N. 156 
We combined the force data and joint angles in an inverse dynamics analysis to calculate internal 157 
joint moments, i.e. Newton-Euler inverse dynamics approach. Joint moments were low pass filtered 158 
using a recursive fourth order Butterworth filter with cut-off frequency of 20 Hz. Next, ankle power 159 
was calculated as the product of the joint moment and the joint angular velocity, calculated as the 160 
time derivative of the joint angles. We computed joint work (positive, negative and net) as the time 161 
integral of the ankle joint power curve. Joint moments, power and work were all normalized to body 162 
mass and stride. 163 
Foot strike angle. We determined FSP using the first metatarsal-phalangeal joint marker and heel 164 
marker of the left foot when the vertical ground reaction force exceeded 30N, i.e. initial ground 165 
contact (7). Using the angle between the line through these markers and the ground, the foot strike 166 
angle (FSA) was calculated. According to Altman and Davis (7), rearfoot strike was considered when 167 
the FSA was greater than 8°, runners with a FSA between -1.6 and 8° were defined as midfoot strikers 168 
and a FSA lower than -1.6° was considered forefoot strike. In this study we did not make any 169 
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differentiation between midfoot or forefoot strike, hence a FSA under 8° was defined as mid-170 
/forefoot strike. Although we acknowledge that FSP is rather a continuum than three different foot 171 
strike types, we assumed that the average differences of more than 15° between both groups (Table 172 
1) would be enough for a clear distinction. We averaged the FSA over the strides used for ultrasound 173 
analysis (at least 4). Foot strike type (rearfoot or mid-/forefoot) was consistent within subjects across 174 
running speeds. 175 
Electromyography. EMG signals of the GM muscle of the right leg was collected using a wireless EMG 176 
acquisition system (ZeroWire EMG Aurion, Milano, Italy), with a sampling frequency of 900 Hz. EMG 177 
signals were synchronized with the 3D motion analysis system and force plate using a central 178 
computer. EMG signals were first band-pass filtered (20-400 Hz), rectified and then low-pass filtered 179 
at a cut-off frequency of 20 Hz with a recursive fourth order Butterworth filter. We defined the 180 
maximal activation of each muscle for each subject using a moving average over 10 data points. Next, 181 
we normalized the EMG waveforms towards this maximal activation. 182 
To determine GM muscle activation, we first calculated the individual mean activation and standard 183 
deviation for the series of recorded steps during every moment in the stride. We used this subject-184 
specific minimum, appearing between 45 and 75% of stride where GM EMG signal was very low 185 
(Figure 1), plus three times the standard deviation at that instant, as the threshold to define when 186 
the muscle was active. From this activation data, we determined the start of the muscle activation 187 
(pre-activation timing) and deactivation timing. Since we did not measure, and hence normalize to, 188 
maximal voluntary muscle contraction, it should be noted that the magnitude of the EMG signals 189 
during ground contact cannot be compared between FSP groups. 190 
Dynamic ultrasound imaging. GM muscle fascicles of the left leg were visualized with a B-mode 191 
ultrasound system (Telemed Echoblaster 128 CEXT system) with a sampling frequency of 86 Hz. At 192 
least four strides were collected each time. A linear transducer (UAB Telemed, Vilnius, Lithuania, LV 193 
7.5/60/128Z-2) operating at 8 MHz was placed on the mid-belly of the muscle and aligned along the 194 
muscle fascicles. The transducer was securely attached to the calf with tape and elastic bandages. 195 
We used a trigger pulse at the start of the ultrasound imaging to synchronize the ultrasound images 196 
with the Vicon motion capturing system, force plates and EMG system. Afterwards, all the data were 197 
splined to the ultrasound frequency when GM muscle fascicle or SEE length changes were calculated 198 
using a custom made MatLab script. The tracking of the muscle fascicles was conducted in MatLab, 199 
using a semi-automatic tracking algorithm (22). To calculate fascicle length and pennation angle (i.e. 200 
the angle between the muscle fascicle and deep aponeurosis) we drew three tracking lines on each 201 
image. A first line was drawn on the inner border of the superficial aponeurosis, another on the inner 202 
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border of the deep aponeurosis and the third tracking line is drawn parallel to the muscle fascicles 203 
(3). If needed, we manually adjusted the tracking lines to match the aforementioned locations. As the 204 
complete muscle fascicle from deep to superficial aponeurosis was not always visible due to the 205 
limited field of view of the ultrasound transducer, we linearly extrapolated the aponeurosis and 206 
muscle fascicle (3). Muscle fascicle length was then calculated as the distance between the 207 
intersection of the fascicle with the superficial and deep aponeurosis. Fascicle lengths and pennation 208 
angles were low-pass filtered using a recursive fourth-order Butterworth filter with cut-off frequency 209 
of 12 Hz (MatLab R2018a) (3). We analyzed at least four strides for every participant. 210 
According to the Hill-type muscle model, the estimated length of the SEE can be derived after 211 
combining the muscle fascicle lengths and pennation angles from the ultrasound images with the 212 
calculated MTU lengths. Fukunaga et al. (29) previously described this method and SEE length (𝐿SEE) 213 
was calculated as:  214 
𝐿SEE = 𝐿MTU − 𝐿Fascicle ∗ cos (𝛼) 
Where 𝐿MTU describes the muscle-tendon unit length, 𝐿Fascicle the fascicle length and α the pennation 215 
angle. 216 
We calculated length changes of the fascicle, SEE and MTU relative to their respective lengths at toe-217 
off. We calculated fascicle shortening during stance as the difference between maximal and minimal 218 
muscle fascicle length. Maximal SEE and MTU stretch during stance was calculated as the difference 219 
between maximal SEE/MTU length and minimal SEE/MTU length during the first part of the stance 220 
phase whereas SEE and MTU recoil was calculated as the difference between maximal SEE/MTU 221 
length and SEE/MTU length at toe off. Fascicle contraction velocities are calculated as the time 222 
derivative of the length changes during stance. All data were splined to 100 data points per stride 223 
(starting at initial ground contact) to allow comparison between subjects and running speeds. 224 
Muscle force. Non-invasive direct measurement of muscle force is not possible. Therefore, we 225 
estimated muscle forces during ground contact using an optimization approach to solve the muscle 226 
redundancy problem. We used a dynamic optimization algorithm that takes into account muscle-227 
tendon dynamics of the 43 lower limb muscles in our model. We used the Hamner OpenSim model 228 
(35) that was scaled to the subject’s dimensions to obtain individual muscle moment arms, MTU 229 
lengths and properties (optimal muscle fiber length, optimal pennation angle and tendon slack 230 
length). Maximal isometric muscle force was scaled based on the subject’s body mass and height 231 
(36). Gerus et al. (30) reported that the Achilles tendon is more compliant than the generic tendon 232 
described by Zajac (70). Hence, to more closely follow the tracked muscle fascicle length changes, the 233 
scaling factor (normalized tendon stiffness) to calculate GM, GL and SOL tendon stiffness from the 234 
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ratio between maximal isometric force and tendon slack length was set at 5 for all individuals. All 235 
other muscles had the default normalized stiffness value of 35. Inverse dynamic joint moments along 236 
with MTU lengths and moment arms were used as inputs to solve the muscle redundancy problem 237 
by minimizing muscle activations squared. In contrast to commonly used static optimization 238 
approaches that simplify muscle-tendon dynamics by neglecting activation dynamics and assuming 239 
rigid tendons, muscle activation and contraction dynamics were taken into account (16, 17). The 240 
resulting dynamic optimization problem was solved through direct collocation using GPOPS-II 241 
software (16, 60). The resulting nonlinear program was solved using ipopt (69). Simulated GM muscle 242 
fascicle length changes predicted the ultrasound measured fascicle length changes well (≤ 1 mm 243 
differences in mean GM muscle fascicle shortening during ground contact for all groups). Next, to 244 
calculate the actual instantaneous muscle forces along the line of the fascicle, forces were divided by 245 
the cosine of the simulated pennation angle of the muscle. In a couple cases the optimization 246 
algorithm failed to find an optimal solution and hence these strides were excluded. Yet, for each 247 
subject we still used at least 3 ground contact phases. GM muscle force was normalized to body mass 248 
and ground contact phase. 249 
Statistics. We present all the data in the text as mean ± standard deviation. The data were 250 
categorized in four groups: mid-/forefoot strike 10 km/h (FFS 10), mid-/forefoot strike 14 km/h (FFS 251 
14), rearfoot strike 10 km/h (RFS 10) and rearfoot strike 14 km/h (RFS 14). We used Shapiro-Wilk test 252 
to test for normality for all groups. However, not all data were normally distributed. If the data from 253 
all the groups were normally distributed, we performed a mixed analysis of variance (ANOVA) to 254 
determine the differences in main effects (FSP and running speed) and interaction between both, 255 
using SPSS v.24 (IBM SPSS, Armonk, New York, USA). When an interaction effect between FSP and 256 
running speed was found, we determined the difference separately for each FSP and each running 257 
speed using an unpaired t-test (FSP) and paired t-test (running speed). If not all the data in the 258 
groups were normally distributed, a non-parametric test was performed. We used a Mann-Whitney 259 
U test to compare the mean differences between FSP at 10 and 14 km/h. To determine the effect of 260 
running speed for these datasets, the data was first grouped according to running speed and again 261 
checked upon normality. If both datasets followed a normal distribution, we performed a paired t-262 
test, if not we performed a Wilcoxon signed-rank test. Furthermore, when we found a significant 263 
difference, partial eta squared (ƞp2) was calculated as a measure of the effect size for the mixed 264 
ANOVA results where ƞp2 < 0.13 was considered as a small effect size, 0.13 ≤ ƞp2 < 0.26 a medium 265 
effect and ƞp2 ≥ 0.26 a large effect. If mixed ANOVA could not be performed due to violations against 266 
normality, eta squared (ƞ2) was calculated with ƞ2 < 0.06 considered as a small effect size, 0.06 ≤ ƞ2 < 267 
0.14 a medium effect and ƞ2 ≥ 0.14 a large effect. Differences in muscle fascicle contraction velocity 268 
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and GM muscle force production during ground contact time were tested with statistical parametric 269 
mapping (SPM) (64). Our probability criterion for statistical significance was set at p < 0.05. 270 
Results 271 
 272 
FSA, the criterion to separate mid-/forefoot strikers from rearfoot strikers, was significantly different 273 
between the groups (Table 1; p < 0.01; ƞp2 = 0.80). Although previous research revealed significant 274 
shorter ground contact during mid-/forefoot striking than rearfoot striking, we did not find a 275 
significant difference (p > 0.11). Still, faster running was associated with shorter ground contact times 276 
(p < 0.01; ƞ2 = 0.38). 277 
Rearfoot strikers demonstrated 3.9mm and 3.7mm (40 to 45%) more fascicle shortening during 278 
ground contact than mid-/forefoot strikers at 10 and 14 km/h respectively (Table 1; p = 0.02; ƞp2 = 279 
0.29). Also, average fascicle contraction velocity during ground contact time was higher in rearfoot 280 
strikers (p = 0.01; ƞp2 = 0.32). When analyzing fascicle contraction velocity during ground contact, 281 
differences between FSP appeared primarily different during early ground contact (approximately 0 282 
to 30% of ground contact, Figure 2), but none reached significance after the first 0.4% of ground 283 
contact. The total fascicle shortening during ground contact was nearly identical between the two 284 
running speeds, but the shorter ground contact time at 14 km/h induced higher average contraction 285 
velocities (p < 0.01; ƞp2 = 0.56). Maximal muscle fascicle contraction velocities were higher when 286 
running faster (p = 0.02; ƞ2 = 0.14), but not significantly different between FSP (p > 0.15). 287 
Furthermore, GM fascicle length at initial ground contact was not different between FSP (p = 0.32) or 288 
running speeds (p = 0.10). 289 
As expected, mid-/forefoot strikers demonstrated greater negative ankle work compared to rearfoot 290 
strikers (p < 0.01; ƞp2 = 0.53). However, this greater negative ankle work did not result in an increased 291 
stretch of the SEE in mid-/forefoot strikers during ground contact (Figure 1; p = 0.20). In contrast, 292 
greater lengthening of the entire MTU in mid-/forefoot strikers was observed (p < 0.01; ƞp2 = 0.66). 293 
No significant differences in MTU or SEE recoil during ground contact were detected between FSP or 294 
running speeds (p ≥ 0.10). Despite the GM being bi-articular, also spanning the knee joint, differences 295 
in MTU length changes during ground contact were not accompanied with differences in knee 296 
kinematics or work across FSP or running speeds (p ≥ 0.10). 297 
Mid-/forefoot strikers demonstrated greater GM muscle force production during early ground 298 
contact (Figure 2; p = 0.02; 6 – 13% ground contact). Irrespective of FSP, GM muscle force during 299 
ground contact, as well as peak muscle forces, were higher at 14 km/h than at 10 km/h (p < 0.01; ƞp2 300 
= 0.83). The greater GM muscle force production during early ground contact was accompanied by 301 
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an earlier GM muscle activation in mid-/forefoot strikers compared to rearfoot strikers (Figure 1; 302 
Table 1; p < 0.01; ƞp2 = 0.41). Faster running also yielded an earlier pre-activation of the GM muscle 303 
(p < 0.01; ƞp2 = 0.40). 304 
Table 1. Comparison between mid-/forefoot and rearfoot strikers and between 10 and 14 km/h. All data are expressed as 305 
mean ± SD. * significant main foot strike effect. † significant main running speed effect. ‡ significant difference between foot 306 
strike patterns only at 14 km/h. § significant interaction effect. 307 
  speed Forefoot strike Rearfoot strike 
Foot strike 
angle (FSA) 
(°)* 10 km/h 
14 km/h 
-0.4 ± 4.4 
0.3 ± 5.3 
14.8 ± 3.7 
17.2 ± 5.4 
Ground 
contact time 
(ms)† 10 km/h 
14 km/h 
250.6 ± 16.3 
209.2 ± 13.7 
259.9 ± 12.6 
218.2 ± 16.6 
GM muscle 
fascicle 
Length at ground contact 
(mm) 
10 km/h 
14 km/h 
51.4 ± 10.2 
51.1 ± 11.0 
56.3 ± 6.9 
54.7 ± 7.9 
Shortening during ground 
contact (mm)* 
10 km/h 
14 km/h 
11.2 ± 3.9 
11.3 ± 4.3 
16.1 ± 3.6 
16.0 ± 4.1 
Average velocity ground 
contact (mm/s)*† 
10 km/h
14 km/h 
-42.6 ± 12.7
-50.3 ± 18.4 
-62.1 ± 14.6
-72.3 ± 20.3 
Maximal velocity ground 
contact (mm/s)† 
10 km/h 
14 km/h 
-157 ± 52 
-185 ± 91 
-186 ± 27 
-218 ± 70 
SEE Stretch (mm)† 10 km/h 
14 km/h 
22.7 ± 2.7 
24.7 ± 4.5 
20.3 ± 3.0 
22.9 ± 4.0 
Recoil (mm) 10 km/h 
14 km/h 
19.5 ± 3.2 
20.0 ± 4.4 
17.0 ± 4.1 
18.3 ± 4.3 
MTU Stretch (mm)*† 10 km/h
14 km/h 
14.1 ± 3.0
15.2 ± 2.4 
8.3 ± 1.0 
10.0 ± 1.6 
Recoil (mm) 10 km/h
14 km/h 
21.8 ± 3.4
21.2 ± 3.2 
20.3 ± 3.0 
20.7 ± 3.2 
Ankle work Negative (J/kg)*†§ 10 km/h 
14 km/h 
-0.74 ± 0.12 
-1.01 ± 0.16 
-0.55 ± 0.09
-0.71 ± 0.11 
Positive (J/kg)† 10 km/h 
14 km/h 
1.02 ± 0.12 
1.29 ± 0.11 
0.94 ± 0.16 
1.17 ± 0.21 
Net (J/kg) 10 km/h 
14 km/h 
0.29 ± 0.17 
0.28 ± 0.21 
0.39 ± 0.10 
0.46 ± 0.21 
Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (130.102.042.098) on January 20, 2019.
11 
 
Knee work Negative (J/kg) 10 km/h
14 km/h 
-0.22 ± 0.08
-0.22 ± 0.10 
-0.26 ± 0.07
-0.27 ± 0.07 
Positive (J/kg) 10 km/h 
14 km/h 
0.25 ± 0.10 
0.27 ± 0.12 
0.24 ± 0.06 
0.26 ± 0.09 
Net (J/kg) 10 km/h 
14 km/h 
0.03 ± 0.08 
0.05 ± 0.11 
-0.02 ± 0.06 
-0.01 ± 0.11 
GM muscle 
activation 
Pre-activation timing  
(% stride)*† 
10 km/h 
14 km/h 
84.6 ± 4.6 
82.0 ± 3.6 
92.6 ± 5.7 
86.3 ± 5.1 
Deactivation timing 
 (% stride) 
10 km/h 
14 km/h 
33.8 ± 6.0 
35.3 ± 10.9 
31.2 ± 2.6 
33.4 ± 2.5 
GM muscle 
force 
Peak (N/kg)† 10 km/h
14 km/h 
16.9 ± 1.3
19.4 ± 2.1 
16.5 ± 1.6 
20.1 ± 2.1 
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 308 
 309 
Figure 1. Mean ankle (A, G) and knee angles (B, H), mean Gastrocnemius medialis muscle fascicle length changes (C, I), 310 
Series elastic element length changes (SEE; D, J), muscle tendon unit length changes (MTU; E, K), Gastrocnemius medialis 311 
(GM) activation (F, L) during stride compared between mid-/forefoot strikers (FFS; solid; N = 10) and rearfoot strikers (RFS; 312 
dashed; N = 9) at 10 km/h (A-E) and 14 km/h (F-J). Fascicle, SEE and MTU length changes are normalized to the length at 313 
toe-off. Grey area represents standard deviation. Mean timing of toe-off ± SEM is indicated with vertical dashed lines and 314 
grey area for FFS (light grey) and RFS (dark grey). 315 
 316 
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 317 
Figure 2. Mean Gastrocnemius medialis muscle fascicle velocity (A) and mean muscle force (C) during the ground contact 318 
phase of running for mid-/forefoot strikers (FFS; grey; N = 10) and rearfoot strikers (RFS; black; N = 9) at 10 km/h (solid lines) 319 
and 14 km/h (dashed lines). For clarity SD was left out. Negative velocities indicate fascicle shortening (A). The results of the 320 
statistical parametric mapping (SPM) are shown in B and D with foot strike pattern effect (solid), speed effect (dashed), 321 
interaction effect (dashed dotted) and significance threshold (dotted). Dark grey background visualizes significant difference 322 
in forces between foot strike patterns (p = 0.02). Light grey background visualizes significant differences in speed (p < 0.01). 323 
No interaction effect was found for both fascicle velocity and muscle force. No significant differences in fascicle velocity 324 
between foot strike pattern after the first 0.4% of ground contact. No significant speed effect was found for fascicle velocity. 325 
Discussion 326 
 327 
Our primary focus in this study was to investigate the effect of FSP on GM MTU dynamics. We 328 
confirmed our first hypothesis that GM muscle fascicle shortening and average contraction velocity 329 
during ground contact was greater in rearfoot strikers compared to mid-/forefoot strikers. While GM 330 
muscle fascicle contraction velocities were primarily different during early ground contact (Figure 331 
2A), GM muscle force production was significantly lower in rearfoot strikers compared to mid-332 
/forefoot strikers (Figure 2C) confirming our second hypothesis. However, since SEE stretch and 333 
recoil was not significantly different between FSP, we cannot accept our third hypothesis. 334 
Our next hypotheses concerned the effect of running speed on GM MTU behavior. We confirmed our 335 
fourth hypothesis that GM muscle fascicle shortening during ground contact was not different 336 
between running speeds of 10 and 14km/h for either FSP. As expected, the shorter ground contact 337 
times, associated with faster running, resulted in greater GM muscle fascicle contraction velocities 338 
and higher (peak) muscle force. We could not confirm our fifth hypothesis that greater running speed 339 
would enhance the stretch and recoil of the SEE. Surprisingly, only SEE stretch during the first part of 340 
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ground contact was greater at 14 km/h compared to 10 km/h, whereas SEE recoil was not different 341 
between speeds. 342 
The observed absence of differences in SEE stretch and recoil between FSP suggest that FSP does not 343 
influence mechanical energy storage and release in the SEE. The Triceps Surae MTU plays a key role 344 
in optimizing human locomotion (28) and hence SEE stretch and recoil is important for whole body 345 
metabolic energy consumption. Since Kubo and colleagues demonstrated that the Achilles tendon 346 
stiffness is not different between FSP, this would indicate that SEE stretch and recoil are directly 347 
related to mechanical energy storage and return in the SEE (47). However, we did not measure 348 
Achilles tendon stiffness for the runners in our samples. 349 
We observed differences in both GM muscle fascicle contraction velocity and force which can be 350 
expected to have opposing effects on metabolic energy consumption between FSP. The metabolic 351 
energy consumption of skeletal muscle contraction is higher with higher force, higher contraction 352 
velocity (force-velocity relationship) and when the muscle fascicles are operating further away from 353 
their optimal length (force-length relationship) (27, 70). We found no difference in the GM muscle 354 
fascicle length at initial ground contact and, although we did not measure fascicle resting length, 355 
there is no direct reason to assume that the GM is working at a different part of its force-length 356 
relationship across FSP. We found higher GM muscle fascicle contraction velocities in rearfoot 357 
strikers than in mid-/forefoot strikers. Yet, GM muscle forces (Figure 2C) during early ground contact 358 
were estimated to be higher in mid-/forefoot strikers. These greater muscle force estimations are 359 
also supported by our muscle activation data (Figure 1). The GM pre-activated earlier in mid-360 
/forefoot strikers compared to rearfoot strikers. In addition, previous research already demonstrated 361 
that mid-/forefoot strikers activated their plantar flexor muscles earlier, higher and longer compared 362 
to rearfoot strikers (4, 20). Hence, from our data it seems reasonable to predict that the metabolic 363 
energy consumption of the GM muscle may not be different between FSP as the greater muscle 364 
contraction velocity observed in rearfoot strikers may be counterbalanced by the lower muscle force 365 
production during early ground contact. Moreover, since no differences in SEE stretch and recoil 366 
were revealed, we have no indications that differences in running economy between FSP may exist. 367 
Recent studies also demonstrate that gait retraining from rearfoot to forefoot strike running did not 368 
change running economy when sufficient intervention trainings (≥8) were provided (21, 65). As such, 369 
our study seems to further support recent studies showing no difference in running economy 370 
between habitual rearfoot strikers and habitual mid-/forefoot strikers (31, 59). 371 
While the comparison of GM MTU interaction between FSP is new, more is known about the effect of 372 
running speed on GM MTU interaction. In line with previous studies, we demonstrated that the GM 373 
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muscle fascicles shorten throughout the ground contact phase of running (12, 24, 40, 41, 51, 52, 54). 374 
In addition, as initial fascicle length and fascicle length changes were not different between running 375 
speeds, our data seems to indicate that GM muscle is working in the same region of its force-length 376 
relationship across the running speeds we measured (10 and 14 km/h). Despite nearly identical 377 
length changes during ground contact, the reduced ground contact time at higher running speeds 378 
induces higher muscle contraction velocities. Higher contraction velocity as well as greater muscle 379 
force production on a shorter time interval impose more muscle fascicle activation (Figure 1D. and 380 
I.). Hence, from a muscular perspective we further support the hypothesis of Kram and Taylor (46) 381 
that the metabolic cost of running is inversely related to the time course of force production, i.e. 382 
ground contact time. 383 
While there is evidence that muscle fascicle contraction velocity increases with faster running, more 384 
discussion appears about whether or not the muscle operates within the same region of its force-385 
length relationship across running speeds. Farris and Sawicki (24) investigated running speeds 386 
ranging from 7.2 to 11.7 km/h, Lai and colleagues (51) collected data up to 18 km/h, while Ishikawa 387 
and Komi (40) went up to 23.4 km/h. Similar to our findings, muscle fascicle contraction velocity 388 
during ground contact phase seemed to increase across running speeds. In agreement with Farris 389 
and Sawicki (24) and Ishikawa and Komi (40), we found no difference in initial fascicle length at the 390 
relatively low speeds analyzed in this study. However, Ishikawa and Komi (40) found that fascicle 391 
length at initial ground contact was shorter when running faster (18 and 23.4 km/h). This might 392 
indicate that the GM muscle is only working in a similar region of its force-length relationship within 393 
a range of (submaximal) running speeds. Another hypothesis would be that there is a gradual 394 
decrease in initial fascicle length with increasing running speed. The latter hypothesis would suggest 395 
that these differences are rather small and that all studies to date lack statistical power to 396 
demonstrate this gradual decrease.  397 
In addition, it is interesting to note that in our study the SEE stretch during the first part of ground 398 
contact was always greater than the recoil during the second part. We assumed that SEE stretch and 399 
recoil during ground contact would be well tuned and thus more or less equal. One can postulate 400 
that the SEE will be in slack at initial ground contact, especially in mid-/forefoot strikers where the 401 
ankle is more plantar flexed at initial ground contact. But, in accordance with Ahn et al. (4), we found 402 
that the GM activates earlier in mid-/forefoot strikers (Table 1; Figure 1F and L.). This pre-activation 403 
can be assumed to bring the SEE in tension, so energy can immediately be stored once the foot hits 404 
the ground. Furthermore, Figure 1 clearly demonstrates that the SEE recoils further after toe-off (i.e. 405 
around 30 to 35% of stride depending on FSP and running speed), indicating that part of the energy 406 
stored during the first part of the ground contact is released too late, i.e. when the foot has already 407 
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left the ground. While we did not determine the SEE slack length of each participant, and therefore 408 
cannot exclude that the SEE is in slack at initial ground contact, we presume it to be unlikely. 409 
Nevertheless, animal studies in turkeys (63) and horses (8) have demonstrated that the released 410 
elastic strain energy in tendons increased with increased speed. Moreover, a simulation study by Lai 411 
and colleagues (50) estimated that the relative contribution of elastic strain energy provided by the 412 
SEE to the total positive work done by the Triceps Surae MTU increased across running speeds 413 
(ranging from jogging to sprinting), especially for the SOL. Although, we did not detect a significant 414 
increase in SEE recoil between the two running speeds, on average there was an increase in SEE 415 
recoil at 14 km/h (p = 0.10), which may become a significant increase at higher speeds. 416 
Our study has some limitations. First, we did not measure GM muscle fascicle resting length or SEE 417 
slack length. Knowing GM muscle fascicle resting length and SEE slack length would have helped to 418 
better interpret and normalize the results, especially between subject groups. Secondly, we did not 419 
measure Achilles tendon stiffness and relied on  previous research (47)  demonstrating that Achilles 420 
tendon stiffness is not different between runners with different FSP. Hence, while our conclusions 421 
partly rely on these results we do not know if the same characteristics apply to our study. Moreover, 422 
the lack of difference in GM SEE stretch and recoil between FSP but the greater GM force production 423 
during early ground contact may suggest a contradiction if Achilles tendon stiffness is assumed to be 424 
constant. In addition, although the normalized Triceps Surae tendon stiffness value of 5 used during 425 
the simulations allows for a close match between simulated and measured GM fascicle length 426 
changes, it is lower than most in vivo mechanical property studies have measured (5, 25, 53). 427 
Furthermore, we focused on muscle fascicle length changes in one specific muscle of the Triceps 428 
Surae, the GM, yet the SOL may be an interesting muscle to add, considering  the importance of the 429 
muscle during running (49, 51). In this study, we tried to link GM muscle fascicle behavior to whole 430 
body metabolic energy consumption, however this is only one muscle with a relatively small 431 
physiological cross-sectional area and we did not measure metabolic energy consumption. 432 
Nevertheless, Fletcher and MacIntosh (26) calculated that 25 to 40% of the total metabolic energy 433 
during running is consumed by the plantar flexor muscles. Moreover, in combination with the great 434 
amount of positive ankle work produced during ground contact and the ability of ankle exoskeletons 435 
to reduce whole metabolic energy consumption during walking (11) and hopping (23), we believe 436 
that investigating the interaction between Triceps Surae muscles and SEE can therefore be 437 
significantly linked to running economy. In addition, we did not evaluate the effect of greater fascicle 438 
contraction velocity versus lower force production on the muscle metabolic energy consumption. 439 
Future research, using a simulation based approach, can further address this question. This study 440 
involves ultrasound imaging to visualize and track muscle fascicles. Ultrasound imaging is a 2D 441 
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measurement, albeit we are measuring in a 3D environment. Hence, this method only holds true 442 
when the muscle fascicles act in the same 2D plane as our ultrasound image. However, good 443 
reliability and accuracy has been proven previously (1, 2, 48). 444 
Lastly, we only considered energy storage and return in the SEE. While this elastic structure is the 445 
primary source of energy recovery during locomotion, it is not the only one. For example, the arch of 446 
the foot also stores and return mechanical energy during each stride (42–44, 68). Although we did 447 
not find any difference in energy storage and return in the SEE, difference in energy storage and 448 
return in the arch of the foot may exist. 449 
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 617 
Figure captions 618 
 619 
Figure 1. Mean ankle (A, G) and knee angles (B, H), mean Gastrocnemius medialis muscle fascicle 620 
length changes (C, I), Series elastic element length changes (SEE; D, J), muscle tendon unit length 621 
changes (MTU; E, K), Gastrocnemius medialis (GM) activation (F, L) during stride compared between 622 
mid-/forefoot strikers (FFS; solid; N = 10) and rearfoot strikers (RFS; dashed; N = 9) at 10 km/h (A-E) 623 
and 14 km/h (F-J). Fascicle, SEE and MTU length changes are normalized to the length at toe-off. Grey 624 
area represents standard deviation. Mean toe-off ± SEM timing is indicated with vertical dashed lines 625 
and grey area for FFS (light grey) and RFS (dark grey). 626 
Figure 2. Mean Gastrocnemius medialis muscle fascicle velocity (A) and mean muscle force (C) during 627 
the ground contact phase of running for mid-/forefoot strikers (FFS; grey; N = 10) and rearfoot 628 
strikers (RFS; black; N = 9) at 10 km/h (solid lines) and 14 km/h (dashed lines). For clarity SD was left 629 
out. Negative velocities indicate fascicle shortening (A). The results of the statistical parametric 630 
mapping (SPM) are shown in B and D with foot strike pattern effect (solid), speed effect (dashed), 631 
interaction effect (dashed dotted) and significance threshold (dotted). Dark grey background 632 
visualizes significant difference in forces between foot strike patterns (p = 0.02). Light grey 633 
background visualizes significant differences in speed (p < 0.01). No interaction effect was found for 634 
both fascicle velocity and muscle force. No significant differences in fascicle velocity between foot 635 
strike pattern after the first 0.4% of ground contact. No significant speed effect was found for fascicle 636 
velocity. 637 
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Table 1. Comparison between mid-/forefoot and rearfoot strikers and between 10 and 14 km/h. All data are expressed as 
mean ± SD. * significant main foot strike effect. † significant main running speed effect. ‡ significant difference between foot 
strike patterns only at 14 km/h. § significant interaction effect. 
  speed Forefoot strike Rearfoot strike 
Foot strike 
angle (FSA) 
(°)* 10 km/h 
14 km/h 
-0.4 ± 4.4 
0.3 ± 5.3 
14.8 ± 3.7 
17.2 ± 5.4 
Ground 
contact time 
(ms)† 10 km/h
14 km/h 
250.6 ± 16.3
209.2 ± 13.7 
259.9 ± 12.6
218.2 ± 16.6 
GM muscle 
fascicle 
Length at ground contact 
(mm) 
10 km/h 
14 km/h 
51.4 ± 10.2 
51.1 ± 11.0 
56.3 ± 6.9 
54.7 ± 7.9 
Shortening during ground 
contact (mm)* 
10 km/h 
14 km/h 
11.2 ± 3.9 
11.3 ± 4.3 
16.1 ± 3.6 
16.0 ± 4.1 
Average velocity ground 
contact (mm/s)*† 
10 km/h 
14 km/h 
-42.6 ± 12.7 
-50.3 ± 18.4 
-62.1 ± 14.6
-72.3 ± 20.3 
Maximal velocity ground 
contact (mm/s)† 
10 km/h 
14 km/h 
-157 ± 52 
-185 ± 91 
-186 ± 27 
-218 ± 70 
SEE Stretch (mm)† 10 km/h
14 km/h 
22.7 ± 2.7
24.7 ± 4.5 
20.3 ± 3.0 
22.9 ± 4.0 
Recoil (mm) 10 km/h 
14 km/h 
19.5 ± 3.2 
20.0 ± 4.4 
17.0 ± 4.1 
18.3 ± 4.3 
MTU Stretch (mm)*† 10 km/h 
14 km/h 
14.1 ± 3.0 
15.2 ± 2.4 
8.3 ± 1.0 
10.0 ± 1.6 
Recoil (mm) 10 km/h 
14 km/h 
21.8 ± 3.4 
21.2 ± 3.2 
20.3 ± 3.0 
20.7 ± 3.2 
Ankle work Negative (J/kg)*†§ 10 km/h 
14 km/h 
-0.74 ± 0.12 
-1.01 ± 0.16 
-0.55 ± 0.09
-0.71 ± 0.11 
Positive (J/kg)† 10 km/h
14 km/h 
1.02 ± 0.12
1.29 ± 0.11 
0.94 ± 0.16
1.17 ± 0.21 
Net (J/kg) 10 km/h 
14 km/h 
0.29 ± 0.17 
0.28 ± 0.21 
0.39 ± 0.10 
0.46 ± 0.21 
Knee work Negative (J/kg) 10 km/h 
14 km/h 
-0.22 ± 0.08 
-0.22 ± 0.10 
-0.26 ± 0.07 
-0.27 ± 0.07 
Positive (J/kg) 10 km/h 
14 km/h 
0.25 ± 0.10 
0.27 ± 0.12 
0.24 ± 0.06 
0.26 ± 0.09 
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Net (J/kg) 10 km/h
14 km/h 
0.03 ± 0.08
0.05 ± 0.11 
-0.02 ± 0.06
-0.01 ± 0.11 
GM muscle 
activation 
Pre-activation timing  
(% stride)*† 
10 km/h 
14 km/h 
84.6 ± 4.6 
82.0 ± 3.6 
92.6 ± 5.7 
86.3 ± 5.1 
Deactivation timing 
 (% stride) 
10 km/h 
14 km/h 
33.8 ± 6.0 
35.3 ± 10.9 
31.2 ± 2.6 
33.4 ± 2.5 
GM muscle 
force 
Peak (N/kg)† 10 km/h 
14 km/h 
16.9 ± 1.3 
19.4 ± 2.1 
16.5 ± 1.6 
20.1 ± 2.1 
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